Allometry, defined as the relationship between the growth rates of organs to the weight of the whole body (38), was used to study the effect of age on the degree of compensatory renal growth (CRG) in the mouse. The normal growth of the kidneys relative to body weight (BW) was determined in animals between 5 to 50 days of age. In one group, nephrectomy and sham operations were performed at 5, 15, and 35 days of age. The remaining ("renoprival") kidney was removed 15 days postnephrectomy. In a second group, nephrectomy was performed on 5-day-old animals, the renoprival kidney being removed after 30 or 45 days. Regression equations were calculated by least-squares after logarithmic transformation and different groups were compared by analysis of covariance. The regression equation for the control kidney was kidney weight (KW) = 0.0093 BW0.86 (r = 0.96). The regression for renoprival kidneys in females was KW = 0.0142 BwO.'~ (r = O.%) after 15 days and, in comparison, was not significantly different after 30 to 45 days. The intrval between control and renoprival regressions was equivalent to a difference of 243% KW. In male mice, the regression for renoprival kidneys after 15 days was KW = 0.0103 BW0.96 (r = 0.98) and was not significantly different after 30 to 45 days. This study suggests that in young mice the time required for complete CRG may be a maximum of 15 days and that the amount of CRG does not depend on the age at operation. After CRG, a new equilibrium is reached which is therafter maintained up to a minimum of 50 days of age.
Summary
Allometry, defined as the relationship between the growth rates of organs to the weight of the whole body (38) , was used to study the effect of age on the degree of compensatory renal growth (CRG) in the mouse. The normal growth of the kidneys relative to body weight (BW) was determined in animals between 5 to 50 days of age. In one group, nephrectomy and sham operations were performed at 5, 15, and 35 days of age. The remaining ("renoprival") kidney was removed 15 days postnephrectomy. In a second group, nephrectomy was performed on 5-day-old animals, the renoprival kidney being removed after 30 or 45 days. Regression equations were calculated by least-squares after logarithmic transformation and different groups were compared by analysis of covariance. The regression equation for the control kidney was kidney weight (KW) = 0.0093 BW0.86 (r = 0.96). The regression for renoprival kidneys in females was KW = 0.0142 BwO.'~ (r = O.%) after 15 days and, in comparison, was not significantly different after 30 to 45 days. The intrval between control and renoprival regressions was equivalent to a difference of 243% KW. In male mice, the regression for renoprival kidneys after 15 days was KW = 0.0103 BW0.96 (r = 0.98) and was not significantly different after 30 to 45 days. This study suggests that in young mice the time required for complete CRG may be a maximum of 15 days and that the amount of CRG does not depend on the age at operation. After CRG, a new equilibrium is reached which is therafter maintained up to a minimum of 50 days of age.
Speculation
Use of allometry to study compensatory renal growth suggests that the renoprival kidney grows rapidly until its mass is 70 to 75% of the normal total renal mass, after which its growth rate reaches an equilibrium with body weight. This precise degree of growth, which is known to occur mostly in the cortex, suggests the existence of a negative feedback loop regulating overall kidney weight when cortical mass (or function) is restored.
After nephrectomy, the remaining ("renoprival") kidney responds by increasing in size and function (30) . Not only do nephrons increase in size (2, 22) but may, in the young animal, also increase in number (5, 21) . Compensatory enlargement of the nephrons is due to a combination of cellular hyperplasia and hypertrophy. Hyperplasia is reported to be proportionally greater in the young (6, 14, 25) than in the mature animal (19, 24) . The overall size of the renoprival kidney is similarly reported to exhibit a greater increase in mass in young animals than in sexually mature adults (1, 3, 14, 17, 22, 26, 27, 36, 42) . However, this conclusion is not unanimous. There are reports of increasing compensatory renal growth (CRG) with age (2) and of no change with age (7) (8) (9) . The methods of determining CRG vary widely, leading to confusion in interpretation and comparison of the different experiments.
There are two main reasons for the controversy over the effect of age on CRG. First, some authors do not allow for the normal, rapid growth of the kidney in neonatal animals when estimating CRG. This produces inflated estimates of growth stimulated by nephrectomy. Second, attempts to allow for differences in body size are usually based on the assumption that kidney weight (KW) increases in direct proportion to body weight (BW). However, the kidney normally grows at a slower rate than the whole body (20, 40) . This results in the fact that CRG tends to be exaggerated in younger animals because the kidney is normally bigger relative to BW than in older animals. Allometry, by mathematical definition, overcomes difficulties produced by changing proportionalities between organ weights and BW (34, 35, 43) . The two general forms of the allometric equation are the following:
where y and x are variables such as KW and BW, whereas a and b are constants. The relationship between KW and BW in rats has been shown to conform to this principle (32, 39, 41, 44, 45) , where:
Transformation of the data into logarithms by equation (B) allows the relationship between KW and BW to be expressed as a straight line, with a slope (b) of about 0.75. Results from the equation indicate that the organ is growing faster than the whole body when slope >1; the organ is growing in direct proportion to the body when slope = 1; the organ, e.g., the kidney, is growing slower than the body when slope <I. The present study uses allometry to elucidate the relationship between the degree of CRG and age in the mouse up to 50 days of age.
MATERIALS AND METHODS

ANIMALS
Mice used in the experiment were normal heterozygotes of the C57BL/6J/lit mouse colony maintained at Royal Children's Hospital, Melbourne (4, 16) . Food (48) and water were freely available, although the younger mice were also able to suckle milk. The colony was maintained under constant environmental conditions with a room temperature of 22 f 1°C, and a 12-hr light-dark cycle.
SURGICAL TECHNIQUE
All operations were performed with microsurgical instruments and an Olympus SZ dissecting microscope. Animals were weighed on a Mettler P 12 10 balance immediately before nephrectomy. Anaesthesia was induced with ether and maintained with halothane and oxygen delivered via a specially constructed head box. After a left loin incision, the kidney was gently mobilized, and the capsule was stripped; the ureter and vessels were then ligated at the hilum. The excised kidney was gently blotted and immediately placed in a weighed vessel. The wet KW was determined on a Mettler H54 balance. For sham nephrectomy, the kidney was exposed without mobilizing or stripping the capsule.
EXPERIMENTAL DESIGN (FIG. I )
The differences between right and left kidneys and the growth pattern of the kidneys relative to BW were determined in mice from 5 to 50 days of age. Nephrectomy was performed on two different groups of mice. In the first group, the left kidney was removed at 5, 15, or 35 days of age. The renoprival kidney was removed 15 days after each operation. Sham nephrectomies were performed at the same ages. Nephrectomies were performed at 5 days of age in the second group, with removal of the renoprival kidney for study either 30 or 45 days later. All subgroups had equal numbers of males and females.
DATA ANALYSIS
The allometric relationship between KW and BW was used after transforming the data into logarithms. Linear regression analysis was performed for log KW versus log BW. Regression equations were calculated by the least-squares method using an Olivetti P602 minicomputer. The regression equations were compared by analysis of covariance, using a sequential F test. The degree of CRG was determined by comparing regression lines for nephrectomized and control groups and by measuring the vertical interval between the two lines. The logarithmic interval between the regression lines, which was equivalent to a ratio between the (logarithmic) means of renoprival and control KW's, was then expressed as the percentage difference between the renoprival and control KW's. In the figures shown, the arithmetic values for KW and BW are plotted on log-log co-ordinates to simplify presentation of the logarithmic relations. metric analysis (Wilcoxan) confirmed that right KW was significantly greater than left KW in both sexes, males (T32 = 49; P < 0.01) and females (T30 = 119; P < 0.05). This concurs with other studies on rodents (2, 9, 22, 29, 36) . Because of the difference between right and left KW, only the right renoprival kidney was used for comparison to control kidneys.
Normal renal growth from 15 to 50 days of age was determined by linear regression analysis for the right KW (1 15 animals) and for the total KW (62 animals) (Fig. 2) . The values for the correlation co-efficient (r), regression slope (b), intercept (a), S.E. (slope), and S.E. (estimate) for control and renoprival kidneys are shown in Table 1 . In general, the relationships studied exhibit "r" values greater than 0.936 which indicate a strong linear dependence so that at least 87.5% of the variation in KW can be accounted for by the regression. (The values of "F" determined by analysis of covariance are given in the figure legends.) No difference attributable to sex was found for right KW or for total KW. The weights had regression slopes of 0.86 (r = 0.96) and 0.89 (r = 0.97), respectively (N.S.). No sex difference was found after sham left nephrectomy. There was no significant difference between the sham group (both sexes) and controls (both sexes), permitting the results after sham operation to be shown together with those of the controls in Figure 2. body wt. gms. The regression for the renoprival kidney in females (15-day interval) was KW = 0.0142 Bw.83 (r = 0.96). This line was parallel to that of the control right kidney ( P < 0.001) (Fig. 3) .
The interval between the regression lines was equivalent to a difference of -43% between renoprival and control kidneys. In females nephrectomized at 5 days of age, the regression for body wt. renoprival kidneys that were removed 15 to 45 days postnephrectomy was not significantly different from that obtained after a futed interval of 15 days.
The regression for male renoprival kidneys (Fig. 4) after 15 days was KW = 0.0103 BWg6 (r = 0.98). This regression line was not parallel to that of controls (P < 0.01) which suggests that the renoprival kidney was significantly bigger in 50-day-old animals than in 20-day animals. The regression line interval was equivalent to -34% CRG for neonatal animals and 51% for adolescent animals. There was a significant difference between the regression slopes for renoprival kidneys in males and females (P < 0.05).
For 5-day-old males undergoing CRG, the regression for the renoprival kidney was not significantly different from that calculated after a fmed interval of 15 days.
DISCUSSION
Most investigators studying the effect of age on CRG have reported a greater degree of CRG in young animals (1, 3, 14, 17, 22, 26, 27, 36, 42) , although allometry was not used. In some early reports, the small number of animals and conflicting results have hampered data interpretation. Arataki (2) compared rats nephrectomized at 20 or 50 days of age and found greater CRG in the older rats 50 days postnephrectomy. However, when both groups were compared at 100 days of age CRG was paradoxically greater in those nephrectomized at the younger age. VCrzar and Hugin (42) found CRG to be 140% after 30 days in 1-to 6-month-old rats, compared with 122 to 130% in animals aged 7 to 26 months. However, in 30-month-old rats, CRG was 138%. Jackson and Sheils (22) studied a small number of rats aged 6 or 26 days old and found CRG to be greater in the younger rats when compared with theoretical control weights derived from tables (15) . Some workers, using animals with similar BW, have compared the mean KW of a group of renoprival kidneys with the mean KW of controls (1, 17, 26). They report moderately greater CRG in the younger animals. These calculations depend on an assumption of proportionality between KW and BW which is not necessarily supported by data (32, 39, 41, 44, 45) .
The ratio of KW per 100 g BW (%) has been used to compare neonatal and mature animals (14, 36) , yet this percentage varies at different ages. Observations have confirmed that it decreases with age (10, 14, 28, 36) . Inasmuch as this ratio is not fixed in relation to age, its use as a standard for comparing CRG at different ages is questionable (41). Mackay et al. (27) allowed for the slower growth of the kidney compared with BW by calculating it as a percentage of body surface area (SA). They (28) had previously reported that although KW per 100 g BW diminished with increasing age, the ratio of KW/SA remained roughly constant except in very small animals. The body SA was calculated from the equation SA = 11.36 BWO" (1 1). CRG was found to be greater in younger rats using the ratio KW/SA. However, the assumption that this ratio is always constant relative to age is disputed by Braun-Menendez (7) who found that it diminished with age. The formula for SA closely resembles the allometric equation (32, 39, 41, 44, 45) but the power of 0.66 (for SA) is less than that found by allometry for KW (0.75-0.80) in most strains of rats. Recently Aschinberg et al. (31) reported greater CRG in puppies compared with older dogs. However, their results are not directly comparable with ours because 75% rather than 50% renal ablation was used, and thus, the older dogs developed a degree of renal failure.
No previous study has used log-log co-ordinates to derive the allometric relation for kidneys undergoing CRG. However, Braun-Menendez (7-9) used some of the principles of relative growth to study CRG and concluded that CRG remained constant relative to age. He plotted KW against BW on a linear scale (7) but recognized that the power function was a more accurate representation. Comparing pubertal and adult rats (8), he found CRG was effectively complete 2 to 3 wk postnephrectomy. The renoprival kidney grew thereafter at a futed rate relative to BW.
The growth rate of the normal mouse kidney is slower than the whole body, although a slope of about 0.86 is greater than that for rats (32, 39, 41, 44, 45) . No differences are found between the sexes using allometry, even though the animals vary markedly in body size.
Use of allometry (Fig. 5) suggests that the time required for CRG in rodents may be much shorter than previously believed. Malt and Lemaitre (31) suggested that 60 to 70 days may be required in mice, whereas other workers have reported periods up to 120 days for rats (2, 22, 37) . This controversy resulted from the difficulty in defining the "end" of CRG and the resumption of "normal" growth. Our data suggest that, after a maximum of 15 days, the growth of the renoprival kidney reaches a new equilibrium in relation to BW. Thereafter, enlargement can be accounted by normal growth. The apparently greater CRG in 35-day-old males implies ongoing compensation, but the renoprival kidneys were the same weight as those from 5-day-old animals in only one-third of the time. A more likely explanation is that in both age groups CRG is "complete" but that the new normal growth rate of the male renoprival kidney is greater than in controls. The time required for the kidney to reach its new growth curve can now be defined as the "duration of CRG." It may be determined precisely by a plot of daily changes in KW, which will show the point of intersection between the "compensatory" and normal growth curves.
The age at nephrectomy does not appear to influence the degree body wt. log scale N x ) , the renoprival kidney grows rapidly (dotted line) until a new equilibrium is reachedwhen growth becomes normal again (upper solid line). The dotted line is then equivalent to the phase of CRG. The time required for CRG appears to be no more than 15 days, an it is possible that the change in log body weight (log BW) which occurs simultaneously with CRG is constant, regardless of the age at nephrectorny. The renoprival kidney grows thereafter at the same rate, also independent of the age at nephrectomy. Because all animals have a finite maximum BW, it is possible that if nephrectorny is performed at a time of maximum BW, CRG may not be maximal, as no simultaneous growth of the body can occur.
of CRG (the renoprival kidney reaches the same new equilibrium with BW in each case) even though total renal mass is not restored. The interval between the regression lines for renoprival KW and control KW was constant in females at ~4 3 % and varied from 34% in young males to 5 1% in older males. The reason for this sex difference is not apparent, although it may be related to the renal growth-promoting effects of androgens (23) .
Histologic studies show that CRG occurs predominantly in the cortex (33, 46) . Goss (18) suggests that only "physiologically active" cortical tissue undergoes adaptive growth so that restoration of total renal mass is not necessary to restore the mass of the cortex. The predictable equilibrium that is reached after a phase of rapid growth supports the view that a negative feedback loop may be regulating cortical mass (or function) as has been concluded by others (12, 13) .
The application of simple allometry leads to the conclusion that CRG in the young mouse is not age dependent, that the time required for adaptation may be less than 15 days, and that after the phase of CRG, the renoprival kidney reaches a new equilibrium with BW.
